The nanocrystalline soft-magnetic Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy with a width of 10 mm prepared through annealing amorphous Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy at 698 K had a saturation magnetization flux density of 1.82 T and a coercivity of 11.8 A m ¹1 . The nanoheteroamorphous microstructure consisted of ¡-Fe nanocrystals with an average size of 22 nm and amorphous neighbor phases. The results of polarization curves and electrochemical impedance spectra obtained in 0.5 M Na 2 SO 4 and 0.5 M NaCl solutions demonstrated the positive shift of the corrosion potentials, the decrease in the passive current density, the increase in the breakdown potentials and the increase in the polarization resistance for the nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy, compared with its amorphous counterpart alloy. The corrosion performance was improved via annealing, which is thought to result from the enrichment of B 2 O 3 constituent in the surface oxide layer.
Introduction
Fe-based amorphous and nanocrystalline alloys have trigged much interest and research activity in both academic and industrial community. 1, 2) In last decade, many efforts have been contributed to improve the soft-magnetic performance of the ferromagnetic bulk metallic glasses and the nanocrystalline alloys by using alloying of various elements (Al, Cu, P, B, Nd etc. 37) ) and optimizing the heat treatments. 4, 5, 79) Recently, Cu-added Fe-metalloid (B, C, Si, P) alloys, particularly for Fe 83.3 Si 4 B 8 P 4 Cu 0.7 alloy system, have exhibited low core loss, a saturation magnetic flux density, B s , as high as 1.88 T and a coercivity, H c , as low as 7 A m ¹1 , 1013) compared with the representative Fe 78 Si 9 B 13 amorphous alloys with a B s of about 1.54 T and a H c of 2.6 A m ¹1 . 10) The application of new-developed alloy systems as replacements of magnetic cores of the transformers and motors for the silicon-steel soft-magnetics is predicted to reduce the electric power loss substantially, more than 70%, 14, 15) which make us believe in their bright future for the mass production.
As well been known, Fe-based alloys are readily rusted in outdoor environments. 1618) In practical environments, the thin electrolyte films condensing on the metal surface provide an aqueous media, and airborne salts from the seas or industry increased the aggressiveness of the surface electrolytes. 19) These FeSiBPCu soft magnetic alloys might suffer from the degradation which shortens their life spans. Therefore, it is of necessary to evaluate their corrosion reliabilities before the commercialization.
Annealing is an indispensable step for the improvement of the soft-magnetic properties of FeSiBPCu alloys, since their B s are about 1.51.6 T for amorphous starting alloys. 4, 1013) The optimum annealing temperature for the above alloys was found to be slightly higher than the first crystallization temperature for ¡-Fe where the nanoheteroamorphous structure consisting of ¡-Fe nanocrystals with a size of ³30 nm and surrounding amorphous parts was achieved.
415) It is of necessary to figure out the effect of the annealing process on both the corrosion performance and soft magnetic properties between amorphous starting alloys and annealed alloys with an optimum magnetic property.
The present study aimed to figure out the electrochemical behaviors of nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 alloy in neutral aqueous conditions. The comparison between nanocrystalline alloys and their amorphous counterparts was also conducted in aspects of the polarization behaviors, electrochemical impedance changes, and the changes in the surface oxide layer before and after the annealing. On the basis of the described data, it is aimed to determine whether the annealing has negative effects on corrosion performances of Fe 83.3 Si 3 B 10 P 3 Cu 0.7 alloy.
Experimental
Fe 83.3 Si 3 B 10 P 3 Cu 0.7 alloy ingots were prepared by an induction melting with mixtures of Fe (99.98 mass%), Si (99.998 mass%), B (99.5 mass%), Cu (99.99 mass%) and pre-melted alloy of Fe 3 P (99.9 mass%) in an Ar atmosphere. A single-roller melt-spinning method was used to produce the rapidly solidified ribbons with thickness of about 22 µm and width of about 10 mm. The alloy composition are nominally expressed since the difference between nominal and chemically analyzed composition was negligibly small, and expressed in atomic percentage. The annealing of amorphous precursors was performed in an Ar atmosphere at 698 K for 600 s.
The structures of as-quenched and annealed ribbons were identified by using an X-ray diffractometry (XRD, Rigaku RINT 4200), and transmission electron microscopy (TEM, JEOL HC-2100). The samples for the cross-sectional TEM observation was prepared by focused ion beam milling (FIB) after the coating of protective carbon layers and W deposit layer. The chemical bonding state of the surface oxide layers formed before and after annealing was analyzed by an X-ray photoelectron spectroscope (Shimadzu Kratos, AXIS-Ultra DLD) with monochromatized Al K¡ radiation source (1486.6 eV).
In order to know electrochemical properties, potentiodynamic polarization curves of the as-quenched and annealed Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloys were measured in aerated 0.5 M Na 2 SO 4 and 0.5 M NaCl solutions at 298 K, respectively. The removal of oxide layer was conducted by a cathodic treatment at a constant current density of 5 mA cm ¹2 for 600 s. A Pt plate was used as a counter electrode and an Ag/AgCl electrode in 3.33 M KCl solution was used as a reference electrode. The potential scan rate was set at 0.833 mV s
¹1
. Electrochemical impedance spectra of The as-quenched Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon was confirmed to be amorphous by XRD as shown in Fig. 1 . After annealing at 698 K, the presence of two diffraction peaks from ¡-Fe (110) and (200) indicated that the precipitation of crystalline ¡-Fe crystals. Figure 2 shows the cross-sectional bright field TEM image (BFI), high-resolution TEM image (HRTEM), and selective area diffraction pattern (SADP) of the ribbon alloys annealed at 698 K. The fine nanocrystals with an average particle size of 22 nm were distributed uniformly as shown in Fig. 2(a) . The HRTEM image demonstrated that the surface oxide layer with a thickness of about 5 nm formed after the annealing, and its thickness on as-quenched one was about 2.5 nm. Moreover, the surface oxide layer was amorphous. The SADP in Fig. 2(c) indicated the nanocrystals to be bcc ¡-Fe since the appearance of characteristic diffraction rings of (110), (200) and (211) {JCPDS card No.: 60696}. The ¡-Fe nanocrystals and the surrounding amorphous phase coexisted in the heterogeneous matrix in a nano-scale range. Indeed, this unique microstructure, so-called nanohetero-amorphous structure, takes advantage of the increase in B s and decrease in H c .
Electrochemical behaviors of nanocrystalline
Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy Figure 3 shows polarization curves of amorphous and nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloys in 0.5 M Na 2 SO 4 and 0.5 M NaCl solutions. The open circuit potential (OCP) averaged for the three times of measurements for nanocrystalline ribbons shifted to the positive direction about 60 mV in NaCl media, and about 30 mV in Na 2 SO 4 solution, compared to amorphous counterparts. The anodic current plateau with the order of 10 ¹4 A cm ¹2 was observed after the initial increase in anodic current density. Since no anodic current plateau appeared in the anodic polarization curves of cathodically treated samples, it was revealed that weak passivity was maintained on as-prepared and as-heat treated ribbon alloys with the aid of pre-existing oxide films. The passive current density of nanocrystalline specimens was reduced more than 50% in Na 2 SO 4 solution and more than 30% in NaCl solution, compared with as-quenched ones. The breakdown of passivity was evident by a sharp increase in anodic current density. The breakdown potentials of nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy in Na 2 SO 4 solution was over 60 mV higher than its amorphous counterpart. The shoulders and peaks of current densities appeared near OCPs for nanocrystalline ribbons, but were absent for amorphous precursors. The samples after the cathodic treatment showed an active dissolution, characterized by a monotonous increase of the current density. Figure 4 shows the electrochemical impedance spectra of amorphous and nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloys in 0.5 M Na 2 SO 4 and 0.5 M NaCl solutions. The EIS spectra included various components (i.e., capacitance loops, induction loops and Warburg impedances). The diameters of the capacitance loops in the high frequency range stood for ribbon alloys. * NC: Nanocrystalline; AsQ: As-quenched. the polarization resistance (R p ) of the surface oxide layer or the charge transfer resistance (R ct ) at the interface region. The fitted data demonstrated that the polarization resistances were confirmed to be 250 and 99 ³ cm ¹2 in Na 2 SO 4 solution for the nanocrystalline and amorphous ribbons, respectively. The polarization resistances for nanocrystalline and amorphous precursors were 149 and 138 ³ cm ¹2 , respectively, in NaCl solution. The presence of induction loops indicated that the ribbon samples partly suffered from local attacks. This is responsible for the fact that the passivity is not complete on the ribbon samples with native oxide films (Fig. 3) . The diameters of induction loops exhibited the similar tendency as R p did. Furthermore, the diffusion of ionic species through surface oxide layers might dominate the electrochemical reactions. Compared the polarization curves and EIS spectra, it is stated that the polarization resistance became better for NC samples with a thicker oxide layer and higher homogeneity in the matrix. On the basis of polarization curves and electrochemical impedance spectra, the annealing step had no negative effects on the corrosion performances of Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloys accompanying with drastic improvements in the soft-magnetic properties, such as B s from 1.51 to 1.82 T and slightly change in H c , as listed in Table 1 . Figure 5 shows the XPS spectra for each constitute and oxygen in Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy before and after annealing. As shown in Fig. 5(a) -containing compounds increased. The peak of P as shown in Fig. 5(c) was overlapped by B 1s peak leading to the wrong value of B and P concentrations in the surface oxide layer. Therefore, the peak of P covered by B 1s was subtracted by using the peak fitting software. It is thought to be a suitable way for analyzing the concentration of B constituents. As shown in Fig. 5(e) , Cu constituents in the surface oxide layer on amorphous precursors existed in the form of Cu 2 O. The O 1s spectrum consisted of peaks originating from oxygen in M O, MOH bond and/or bound water as shown in Fig. 5(f ) . Some hydroxide compounds (FeOH or CuOH) and bound water were formed after annealing in Figs. 5(e) and 5(f ), which might be due to the involvement of gas humid under a limited vacuum condition during annealing. It is worthy to mention that the concentration of B 2 O 3 compound in the surface oxide layer increased from 5 to 19 at% and that of SiO 2 compound decreased from 22 to 5 at% after annealing as listed in Table 1 . Other compounds, such as Cu 2 O and PO 4 3¹ compound, changed slightly before and after annealing. Wholly speaking, the concentration of the B 2 O 3 and iron oxide compounds increased drastically and that of SiO 2 constitute decreased.
Characterization of the surface oxide layers

Discussion
It is pertinent to mention that the addition of metalloid elements into Fe is believed to enhance the corrosion resistances. The addition of C and P into amorphous Fe 78 Si 9 B 13 alloy has been found to be superior in the corrosion resistance to that which contains only one metalloid species. 20) There are large evidences that not only metaloxygen, but also metalloid-oxygen compounds are constituents of surface oxide layers on Fe-metalloid based alloys. 21, 22) The additive of Si, P and B might distribute in the surface film differently since their mobility are quite differently. 23) The Si was regarded to a kinetically "very slow component" and P was done to be a kinetically "slow component" basing on Heusler's theory. 23) On the basis of the XPS analysis, B should have higher mobility than Si and P. As a result, more B was oxidized to form B 2 O 3 compound with a concentration of about 19 at% in the surface oxide layer on nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy during annealing in the present condition. The enrichment of B 2 O 3 phase in the airformed oxide layer was also observed by Janik-Czachor, 22, 23) and the depletion of B 2 O 3 compound in the surface films after immersing Fe 80 B 20 alloys and modified amorphous Fe 78 Si 9 B 13 alloy in aqueous solutions resulted from its preferential dissolution. As a consequence, the B 2 O 3 compound dissolved to generate borate ions (B 4 O 7 2¹ ) which has been well known as an inhibitor for pitting corrosion of Fe.
2427) With increasing B content in Fe-based amorphous alloys, the corrosion rates decreased and the corrosion patterns changed from pitting to uniform corrosion. 28) As shown in Fig. 3 , the initial anodic dissolution of nanocrystalline samples was inhibited by the presence of the native oxide films, resulting in the appearance of a shoulder of current around OCPs. This might be attributed to the preferential dissolution of B 2 O 3 phase in the surface oxide films. On the basis of the experimental data presented above, the corrosion resistances of Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy were bettered due to the enrichment of B 2 O 3 phases and the thickness increase in the surface oxide layers via annealing, at the same time the soft magnetic properties was improved, i.e., B s = 1.82 T and H c = 11.8 A m ¹1 .
Conclusions
The nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy with a width of 10 mm had a saturation magnetic flux density as high as 1.82 T and a coercivity of 11.8 A m ¹1 . The electrochemical behaviors of nanocrystalline Fe 83.3 Si 3 B 10 P 3 Cu 0.7 ribbon alloy was investigated in neutral solutions. The annealing causes the precipitation of ¡-Fe nanocrystals and the formation of the nanohetero-amorphous microstructure. The passive current density, breakdown potentials and open circuit potentials were improved after annealing. The annealing process had no negative effects on the corrosion performances since the B 2 O 3 phase enriched in the surface oxide layer during annealing inhibited the initial anodic dissolution through the inhibition effects of borate ions formed by the dissolution of B 2 O 3 .
